To understand the role of cytoskeleton and membrane signaling molecules in erythroblast enucleation, we developed a novel analysis protocol of multiparameter high-speed cell imaging in flow. This protocol enabled us to observe F-actin and phosphorylated myosin regulatory light chain (pMRLC) assembled into a contractile actomyosin ring (CAR) between nascent reticulocyte and nucleus, in a population of enucleating erythroblasts. CAR formation and subsequent enucleation were not affected in murine erythroblasts with genetic deletion of Rac1 and Rac2 GTPases, due to compensation by Rac3. Pharmacologic inhibition or genetic deletion of all Rac GTPases altered the distribution of F-actin and pMRLC and inhibited enucleation. Erythroblasts treated with NSC23766, cytochalasin-D, colchicine, ML7, or filipin that inhibited Rac activity, actin or tubulin polymerization, MRLC phosphorylation, or lipid raft assembly, respectively, exhibited decreased enucleation efficiency, as quantified by flow cytometry. As assessed by high-speed flow-imaging analysis, colchicine inhibited erythroblast polarization implicating microtubules during the preparatory stage of enucleation, while NSC23766 led to absence of lipid raft assembly in the reticulocyte-pyrenocyte border. In conclusion, enucleation is a multi-step process that resembles cytokinesis, requiring establishment of cell polarity through microtubule function, followed by formation of a contractile actomyosin ring, and coalescence of lipid rafts between reticulocyte and pyrenocyte.
Introduction
Erythropoiesis in mammals concludes with the dynamic process of enucleation, by which the orthochromatic erythroblast generates a reticulocyte that will mature to become a red blood cell (RBC) and a pyrenocyte, a membrane-encased nucleus surrounded by a thin rim of cytoplasm. [1] [2] [3] Following enucleation the reticulocytes are released into the bloodstream, while the pyrenocytes expose apoptotic signals on their surface, resulting in engulfment and degradation by the central macrophage of the erythroblastic island. 3, 4 The mechanism of enucleation has been a long-standing matter of investigation and remains controversial.
Early electron microscopy studies suggested that enucleation may be analogous to cytokinesis, pointing to the resemblance of the cytoplasmic constriction between incipient reticulocyte and pyrenocyte to the cleavage furrow at the equatorial region of a mitotic cell. 5 Koury et al demonstrated with electron and immunofluorescent microscopy, using mouse splenocytes infected with the anemia-inducing strain of Friend virus (FVA), that F-actin bundles concentrate at the furrow behind the extruding nucleus, and that cytochalasin-D, a potent inhibitor of actin polymerization, inhibits enucleation. 6 In parallel, a quantitative study by Chasis et al showed that inhibition of microtubule polymerization by colchicine stalls enucleation in vivo and in vitro in rat bone marrow. 7 A recent study by Keerthivasan et al. 8 using primary mouse and human erythroblasts supported the hypothesis that vesicle trafficking and subsequent vacuole coalescence provide additional membrane for the separating nucleus and reticulocyte. 9 No inhibitory effect of cytochalasin-D or colchicine in enucleation was observed in this work. 8 In contrast, actin polymerization was again seen to play a role by Ji et al 10 
who found that Rac
GTPase deregulation by overexpression of either dominant negative or constitutively active mutants of Rac1 or Rac2 or by pharmacologic inhibition by the Rac-specific inhibitor NSC23766 11 decreases enucleation of mouse fetal liver erythroblasts in culture. Moreover, For personal use only. on September 24, 2017 . by guest www.bloodjournal.org From downregulation of mDia2, a downstream effector of Rho GTPases, by small interfering RNA (siRNA) blocks erythroblast enucleation. 10 Rac GTPases are subfamily members of the Rho GTPases family and Ras superfamily.
Rac1 and Rac2 GTPases have been shown to play distinct and overlapping roles in hematopoietic stem/progenitor and mature blood cells. [12] [13] [14] Rac1, Rac2, and Rac3 are known to regulate, among other processes, actin structures and vesicular transport pathways. 15 As noted above, both actin and vesicle trafficking have been implicated in separate proposed models of the enucleation mechanism. On the other hand, cytokinesis has been shown to require microtubules, actin, and vesicle trafficking along with associated signaling proteins in a sequential rather than mutually exclusive manner. 16, 17 In the present study, we developed a novel analysis protocol of high-speed cell imaging in flow (using the Imagestream X imaging-flow cytometer, AMNIS Corporation, Seattle, WA), to identify a population of enucleating erythroblasts from mouse bone marrow or spleen and study the distribution of cytoskeletal components during enucleation. We used erythroblasts genetically deficient of all three mammalian Rac GTPases along with wild-type (WT) control erythroblasts, and WT erythroblasts treated with pharmacologic inhibitors of cytoskeletal or lipid raft assembly to determine the roles of these elements in the enucleation process. We demonstrate a distinct role of microtubules in the establishment of cell polarity prior to enucleation, with subsequent formation of a contractile actomyosin ring and coalescence of lipid rafts between incipient reticulocyte and pyrenocyte, controlled by Rac GTPases. These data reveal a coordinated assembly in time and space of microtubules, F-actin, and lipid rafts conducting the enucleation process.
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Methods
Mice (detailed in supplemental methods)
Mx1Cre
Tg/+ ;Rac1 flox/flox ;Rac2 -/-mice, bred in a 129Sv and C57BL/6J background, were generated as described previously. 14 -/-mice respectively) was carried out by polyinosinic-polycytidylic acid (pI-pC) (AmershamPharmacia Biotech, Piscataway, NJ) treatment using 4-6 intraperitoneal injections of pI-pC. 14, 20 All animal protocols were approved by the Institutional Animal Care and Use Committee of Cincinnati Children's Hospital Medical Center.
In vitro erythropoiesis and enucleation
To study erythroid enucleation, we used two in vitro systems. The first was a modification of the long-term ex vivo erythroid differentiation culture protocol described by Giarratana et al, 2 1 adapted for mouse cells. Low-density bone marrow (LDBM) cells were cultured in erythroblast growth medium (EGM; StemPro-34 TM with 2.6% StemPro-34 supplement (Invitrogen Life Technologies, Carlsbad, CA), 20% BIT 9500 (StemCell Technologies, Vancouver, BC, Canada), 900ng/ml ferrous sulfate, 90ng/ml ferrous nitrate, 10 -6 M hydrocortisone, penicillin/streptomycin, L-glutamine), in three steps. In the first proliferative step (days 1-5) the medium was supplemented with 100ng/ml SCF, 5ng/ml IL-3, and 2 IU/ml human erythropoietin (EPO, Amgen, Thousand Oaks, CA). SCF and IL-3 retard differentiation of the erythroid progenitors while they promote proliferation, 22 facilitating expansion of erythroid precursors by adding all three cytokines fresh every other day. In the second step (days 6-7), the cells were resuspended at a concentration of 5x10 5 cells/ml, in wells coated with fibronectin at 50µg/ml, in fresh medium supplemented with only EPO. The medium was changed on day 7 to fresh For personal use only. on September 24, 2017 . by guest www.bloodjournal.org From medium without cytokines, and the cells proceeded to enucleation (days [8] [9] . For Rac inhibition studies, 50 or 100 µM of the Rac specific inhibitor NSC23766 11 was added on day 7 and replaced with fresh NSC23766 at the same concentration with medium change on day 8.
The second system is the fast enucleation assay described by Yoshida et al, 3 with slight modifications. Briefly, stress erythropoiesis was induced by phlebotomy of 500μl whole blood with equal volume of normal saline replacement intraperitoneally in adult WT C57BL/6 mice.
After 4 days, the mice were sacrificed to obtain the spleen, which was gently homogenized.
Splenocytes were separated from parenchyma by filtration through a 40µm cell-strainer (BD Biosciences, San Jose, CA), suspended in IMDM+2%FBS, separated by Ficoll gradient using Histopaque 1.083 g/ml (Sigma, St. Louis, MO), and treated with RBC-lysis buffer (Sigma). The isolated low-density splenocytes, highly enriched in erythroblasts after the phlebotomy, were suspended in EGM supplemented with EPO (10 IU/ml) and cultured on plastic, overnight at All experiments involving erythroblasts from Rac1
(figures 1A&B, 2, 3, and 4) were performed with the long-term enucleation assay, in order to avoid phlebotomy in these mice within the first week post pI-pC induction, a procedure that would increase their already high mortality rate. This assay allowed production of sufficient number of enucleating cells for protein pull down assays to determine activity of Rac GTPases. 
Flow cytometry analysis
To study the enucleation process quantitatively, we evaluated the percentage of Intensity R3 was determined in the CTB-stained enucleating erythroblasts by computing the intensity of localized bright spots within the image that are 3 pixels in radius or less after the local background around the spots is removed (similarly to the "top-hat morphological transformation" in microscopy image analysis using a 3 pixel radius structuring element and then computing the intensity of the resulting image).
Immunofluorescence staining and confocal microscopy as previously described. 18, 25 (detailed in supplemental methods)
Statistical analysis
Statistical significance for enucleation efficiency differences was evaluated using Student t-test for unpaired data with equal variance (results presented as mean±SEM).
The Therefore, to assess the statistical significance of the difference in the medians of the test and control groups, we used the Wilcoxon rank sum test (non-parametric test for two independent samples), which makes no assumptions about the underlying probability distributions and is thus appropriate for non-normal data. For each set of measurements we report the mean and the median for each group and the two-tailed p-value according to the Wilcoxon rank sum test.
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Results
Quantitation of enucleation efficiency in vitro by flow cytometry and identification of enucleating erythroblasts by Imagestream X . To study erythroid enucleation quantitatively, we used two in vitro systems detailed in the Methods section, a long-term ex vivo erythroid differentiation culture protocol, 21 adapted for mouse cells, and a fast enucleation assay as described by Yoshida et al, 3 with slight modifications. We evaluated the percentage of enucleated cells at the conclusion of each experiment by flow cytometry. After gating on
Ter119-positive cells, the SYTO16-low and negative population represent the enucleated erythrocytes ( Figure 1A&B ).
The low frequency of erythroblasts engaged in enucleation that can be studied microscopically is often a limiting factor in enucleation studies. Consequently, we sought to develop a method that would enable us to identify and study a significant number of enucleating erythroblasts under specific conditions. To this end, we expanded a method previously enucleation. In the representative experiment shown in Figure 1C -E, we gated 103 enucleating cells within the population encircled by the red line. Thirty-one out of these 103 events were at a stage during enucleation and at an imaging section where F-actin was visible as a ring in the cleavage furrow between incipient reticulocyte and pyrenocyte, suggesting that visualization of a significant number of enucleating events is necessary to ascertain the distribution of structures during this highly dynamic process (supplemental Figure S1 ). 43.7±1.8%, n=3, p=0.14). These results indicate that the overall Rac GTPase activity plays a key role in regulating enucleation.
Rac GTPases organize the actomyosin ring during enucleation. Rac GTPases are well-known regulators of actin in cells. 15 We used the Imagestream X imaging flow cytometer to study actin and myosin distribution in WT or Rac-deficient (after genetic or pharmacologic manipulation) enucleating erythroblasts produced in vitro in long-term enucleation assays. Actin filaments appeared to form a contractile actin ring (CAR) between the nascent reticulocyte and the nucleus in WT erythroblasts, as described before, 6 distributed in a similar pattern with actin in the cleavage furrow of a cell in cytokinesis ( Figure 3A ). In cytokinesis, furrow ingression is driven by assembly and contraction of actomyosin filaments. 16, 30 Therefore, we examined if myosin is also localized at the same area during enucleation. Labeling for phosphorylated myosin regulatory light chain (pMRLC) demonstrated that pMRLC and consequently activated myosin is contributing to the formation of CAR between reticulocyte and nucleus in WT enucleating erythroblasts, providing the necessary collaborator for actin to contract ( Figure 3B ). 18 as well as decreased intensity of staining for pMRLC. However, both actin and pMRLC were still able to assemble in CAR formation between reticulocyte and nucleus. In contrast, when NSC23766 was utilized to inhibit all Rac GTPases, neither F-actin nor pMRLC concentrated at the cleavage furrow to assemble a functional contractile ring; 
Parallel imaging of enucleating Rac1
in a fast enucleation assay after pretreatment with cytochalasin D and/or ML7 to first inhibit the contractile ring no additive inhibitory effect on enucleation was observed ( Figure   S2B ). These results indicate the critical role of microtubules in enucleation at a stage preceding contractile actomyosin ring formation.
Rac GTPases are necessary for clustering of lipid rafts at the furrow between incipient reticulocyte and pyrenocyte. Cholesterol-rich liquid-ordered plasma membrane microdomains (lipid rafts) are well-known as platforms of signaling molecules and are essential for completion of cytokinesis after the formation of the actomyosin ring in the cleavage furrow. 16 Rac GTPases have been shown to associate with lipid rafts when they bind to membrane to initiate signaling. 31, 32 Since enucleation is regulated by Rac GTPases and utilizes an actomyosin ring in a cytokinesis-like mechanism, we investigated the potential role of lipid rafts during enucleation. Staining of erythroblasts incubated in the fast enucleation assay with fluorescent CTB, which binds to the lipid raft marker G M1 -ganglioside, revealed that lipid rafts do merge in the furrow between incipient reticulocyte and pyrenocyte ( Figure 6A ). Inhibition of Rac GTPases with NSC23766, apart from inhibition of enucleation and altered distribution of actomyosin, led also to absence of lipid rafts between reticulocyte and pyrenocyte, within the elongated cells attempting enucleation ( Figure 6A ). The clustering of lipid rafts, as seen by evaluating bright detail intensity, decreased in enucleating erythroblasts incubated with NSC23766 compared to the control erythroblasts ( Figure 6B ). Filipin, an inhibitor of lipid rafts through cholesterol depletion, has been shown to inhibit cytokinesis. 16 Incubation of WT erythroblasts in vitro with filipin, in the fast enucleation assay, inhibited enucleation in a dosedependent fashion. Moreover, combining cytochalasin-D and filipin had a synergistic effect reaching similar level of inhibition with the Rac-inhibitor NSC23766, implicating that Rac GTPases likely control both F-actin and lipid raft assembly during enucleation. 6 Moreover, we demonstrated that phosphorylated myosin regulatory light chain (pMRLC) co-localized with actin at the same area, indicating that a functional actomyosin ring is being formed during enucleation. Non-muscle myosin IIB was recently shown to participate in enucleation. 33 The exact mechanism of actin-myosin contraction, mediated either by myosin's head, 17, 34, 35 or by a tail-hinge apparatus, 36 but in any way regulated by MRLC phosphorylated at Ser19, a target of Rho-kinase (ROCK) or MLCK, 37 remains to be elucidated.
Using our fast in vitro enucleation assays we evaluated the action of cytochalasin-D and ML7, inhibitors of actin polymerization and MLCK respectively. Both inhibited enucleation in a dosedependent and reversible manner without a synergistic effect when combined, indicating that they both inhibit the same process during enucleation. The inhibition we observed with these We observed that inhibition of Rac GTPases by the pan-Rac inhibitor NSC23766
suppressed enucleation, consistent with previous report by Ji et al, 10 and in agreement with our earlier findings that Rac GTPases control F-actin polymerization in erythrocytes.
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Multiparameter high-speed cell imaging in flow revealed that genetic or pharmacologic inhibition of all Rac GTPases was associated with failure to assemble F-actin and pMRLC into creating CAR next to the nucleus that had moved appropriately within the elongated cell ( Figures 3A and   4B 31 and their optimal regulation of enucleation may depend on cell-cell and cell-extracellular matrix interaction within the erythroblastic island. Further studies will be required to evaluate the multiple processes collaborating to produce efficient enucleation.
We did observe inhibition of enucleation after incubation of erythroblasts with colchicine, in agreement to the study by Chasis et al, 7 but in contrast to two other previous studies. 6, 8 Optimization of our fast enucleation assay by adding stroma cells to achieve enucleation efficiency of higher than 30% in the untreated sample allowed us to observe the inhibitory effect of colchicine consistently. Although we cannot completely exclude the possibility that microtubule inhibition decreased enucleation by effects to the stromal cells, we were able to see The essential role of Rac GTPases in enucleation is exerted at least in part via their regulatory role on actin polymerization. However, we noted that NSC23766 caused a more efficient inhibition of enucleation than the maximum inhibitory effect we could attain with cytochalasin-D ( Figure 3E ). Active Rac is known to bind to low-density, cholesterol-rich membranes identified by the lipid raft marker G M1 -ganglioside. 31, 32 Such lipid domains have been shown to cluster in the cleavage furrow of dividing cells. 16 Accordingly, we found that lipid Rac inhibition, suggesting that Rac GTPases may regulate enucleation through a combined effect on F-actin and lipid raft assembly. Lipid rafts are important for membrane trafficking 40, 41 and it has been proposed that they may target secretory vesicles to the division site at the time of membrane addition during cytokinesis. 42 Further work is needed to explore the potential association of these signaling cholesterol-rich lipid platforms with the clathrin-dependent endocytic vesicles identified to contribute to enucleation by Keerthivasan et al. 8 Our data support the concept that erythroblast enucleation is a complex, multi-step process that involves numerous cytoskeleton and signaling components, and has several similarities with cytokinesis. We propose a coordinated interplay of microtubules at an early stage, with actin and lipid rafts under the regulation of Rac GTPases at a later stage (Figure 7 ).
F-actin interacts with myosin to provide a contractile ring, after phosphorylation of MRLC, driven likely by different signaling pathways. Enucleation is a robust process, necessary for survival, optimal circulation and oxygen transfer in mammals, and therefore some redundancy may have been developed in the mechanisms involved in vivo, as demonstrated by the upregulation of
Rac3 in Rac1
∆ /∆ ;Rac2 -/-erythroblasts. Further research will be required to identify the detailed molecular events in order to gain a complete understanding of the enucleation process in erythropoiesis.
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